Invisibility cloaking based on transformation optics has brought about unlimited space for reverie. However, the design and fabrication of transformation-optics-based cloaks still remain fairly challenging because of the complicated, even extreme, material prescriptions, including its meticulously engineered anisotropy, inhomogeneity and singularity. And almost all the state-of-the-art cloaking devices work within a narrow and invariable frequency band. Here, we propose a novel mechanism for all-dielectric temperature-controllable cloaks. A prototype device was designed and fabricated with SrTiO 3 ferroelectric cuboids as building blocks, and its cloaking effects were successfully demonstrated, including its frequency-agile invisibility by varying temperature. It revealed that the predesignated cloaking device based on our proposed strategy could be directly scaled in dimensions to operate at different frequency regions, without the necessity for further efforts of redesign. Our work opens the door towards the realization of tunable cloaking devices for various practical applications and provides a simple strategy to readily extend the cloaking band from microwave to terahertz regimes without the need for reconfiguration.
I. INTRODUCTION
An invisible cloak renders a volume effectively invisible to incident radiation [1, 2] . The combination of the form invariance of coordinate transformation and artificial metamaterials makes the implementation of such a cloak possible [3, 4] . Even beyond the realm of electromagnetic waves [5] [6] [7] , coordinate-transformation-based cloaks for various physical fields have been theoretically predicted and experimentally demonstrated in the past 10 years, such as in direct currents [8] , acoustic waves [9] , heat flows [10, 11] , elastic waves [12] , matter waves [13] , and multiphysics cloaks [14, 15] . In addition, scattering-cancellationbased cloaks, such as plasmonic cloaks [16] and mantle cloaks [17] , have also been developed. Compared to transformation-optics-based cloaks, scattering cancellation has relatively simpler electromagnetic parameters. However, to conceal objects of dimensions comparable to or larger than the wavelength, multilayered structures of high complexity are necessary to compensate the higher-order mode scattering.
An ideal transformation-optics cloak can theoretically make any object perfectly invisible. However, it is still particularly difficult to design and obtain the required constitutive materials that have the anisotropic, inhomogeneous, and sometimes even extreme electromagnetic parameters, thus hindering the development of such a cloak. Nevertheless, by utilizing different transformation functions or specific polarizations [18, 19] , researchers have explored invisibility cloaks with simplified parameters. For example, the column cloak was first experimentally demonstrated using the unidirectional magnetic response of metallic split ring resonators (SRRs) [5] . In a more complex system, the anisotropic permeability provided by SRRs and corrugated transmission lines has been utilized to realize a unidirectional rhombic cloak [20] , in which the strong magnetic coupling in two perpendicular directions was avoided. In addition, it has been known that the conformal or quasiconformal mapping method [21] could reduce the dependence of the cloak on the complicated magnetic parameters. A carpet cloak, which was constructed based on this method [22, 23] , can make an object sitting on the ground invisible. However, requiring a gradient index within the material, which is less than that of the environment in certain regions, it might be difficult for this to work directly in air. Furthermore, the sophisticated electromagnetic parameters obtained around the LC (a circuit consisting of an inductance L and a capacitance C) resonance frequency of metallic structures are intrinsically dispersive, thus determining the narrow operating band of most reported cloaks. In addition, the mutual coupling between the anisotropic responses of metallic SRRs makes precise material parameter control even more difficult. In other words, any change in material parameters would require the cloak to be entirely redesigned. Alternatively, a frequency-tunable cloak, by means of applying an external field, may offer a possible solution; however, the electromagnetic parameters of the material have to anisotropically change in order to reach the required values for another working frequency.
Recently, several actively controlled cloaks have been reported, such as the active scattering cancellation electromagnetic cloak with a current field [24] , tunable plasmonic cloaks with an external magnetic field [25] , the switchable transformation thermotics cloak controlled by temperature [26] , and the tunable transformation-dc illusion cloak controlled by optical intensity [27] . However, a frequencytunable transformation-optics cloak has not yet been demonstrated because of the challenge of complicated anisotropic electromagnetic parameters. As an Ohmic loss-free alternative to metallic structures, dielectric metamaterials [28, 29] based on the Mie resonance of ferroelectric ceramic cuboids have been employed to readily realize the required electromagnetic parameters. More importantly, with the help of external stimuli, the permittivity of the ferroelectric ceramic can be controlled, thereby tuning the Mie resonance of the cuboids, leading to an interesting adjustable wave-control device [30] . Herein, we report a simple design methodology for a unidirectional all-dielectric temperature-tunable transformation-optics cloak and experimentally verify its feasibility.
II. ALL-DIELECTRIC UNIDIRECTIONAL METAMATERIAL CLOAK
The theory of transformation optics provides us with the guidelines in designing unidirectional rhombic cloaks with different angles (see Figs. S1-S3 in Ref. [31] ). Accordingly, the required electromagnetic parameters for a TE-polarized rhombic cloak with interior angles α ¼ 30°a nd β ¼ 60°areμ x ¼ 2.22,μ y ¼ 0.45 (in-plane components of permeability), andε z ¼ 1.5 (out-of-plane component of permittivity), respectively (Fig. 1) . In contrast to the complicated design of metallic units adopted by Landy and Smith in Ref. [20] , we propose using pure dielectric Mie particles in cuboid shape to construct the expected unidirectional cloak, integrating the superiorities in both the simplicity and the flexibility of tunable response. The so-called chameleonlike cloak, which possesses cloaking effects with working frequencies controllable by the external stimuli (temperature), is shown in Fig. 1 . In addition to external stimuli, the working frequency can shift higher or lower by scaling down or up the dimensions of the cuboid. However, how can the electromagnetic parameters of the cuboids in different directions still satisfy the required parameters at a new frequency while applying external stimuli or scaling the dimensions? It is a challenge, and we will reveal the mechanism to achieve this below.
FIG. 1. Schematic of the chameleonlike all-dielectric cloak.
The cloak can conceal the object under different temperatures, and the invisible frequency can be adjusted from lower frequency (lower temperature T 1 ) (a), to higher frequency (higher temperature T 2 ) (b). The cloak is constructed from dielectric cuboids, which can realize the required anisotropic electromagnetic parameters. A TE wave polarized along the z direction is incident from the left. A quarter-wave separation between the conducting quadrangular and the inner cloak boundaries is designated to simulate a perfect magnetic conductor boundary. The inset shows unit cells used to calculate the effective electromagnetic parameters. (c) Two methods to adjust the working frequency of the cloak. The first is by scaling the size, and the second is by changing the temperature of the dielectric cuboids.
III. MECHANISM OF CHAMELEONLIKE ALL-DIELECTRIC CLOAK
The first-order Mie magnetic-dipole-resonance frequency of dielectric cuboids [32] is
where c is the speed of light in free space, ϵ a is the relative permittivity of Mie particles (intrinsic magnetic response is neglected), l i and l j represent the dimensions of the rectangular cross section (i − j plane) perpendicular to the magnetic vector H ⇀ , l k is the cuboid size along H ⇀ , and δ k (0 < δ k < 1) denotes a fraction of a half-wavelength in the l k direction, subjected to the constraint
We find that δ k relies only on the geometric ratio l i;j =l k , regardless of absolute value of dimensions. Considering a wave with an E field (E ⇀ ) polarized along the z direction and H ⇀ in the x-y plane, we obtain the relationship between the two first-order magnetic resonances
where ρ is also determined by geometric ratio coefficients p ¼ l x =l z and q ¼ l y =l z (see Appendix A for details). This leads to the first important conclusion that for a fixed set of fp; qg (i.e., dielectric cuboids are scaled up or down proportionally in three dimensions), the magnetic resonance frequencies ω 0;x and ω 0;y decrease or increase in a proportional manner. According to the theory of transformation optics, satisfying a cloaking effect does have requirements in constitutive parameters of the designed metamaterial. With respect to the effective relative permeability of the dielectric cuboid array, it satisfies the Lorentz dispersion relation near the first-order Mie resonance frequency ω 0 ,
where γ is the collision frequency representing the loss of the cuboids, and ω p is the magnetic plasma frequency relating to ω 0 in the form [33] 
Note that F is the geometric filling factor, relying on geometric ratio coefficients p, q, and r (¼a=l z ), i.e., Fðp; q; rÞ. Assuming jω − ω 0 j ≫ γ, μ 0 (the real part of μ), will have a simplified expression
Then, we can get the expected μ at the frequency
If there exists a frequency at which fμ x ; μ y g meets the requirement of the cloak, i.e., ω x ðμ x Þ ¼ ω y ðμ y Þ, the following constraint (again in a complicated form only depending on p, q, and r) needs to hold:
Therefore, we can make two important statements so far: First, once we concludeμ x andμ y from the theory for the ideal cloak, we can then designate the required values of p, q, and r. Second, the fulfillment frequency of fμ x ;μ y g can shift higher or lower by scaling down or up the dimensions of the cuboid.
In addition, we also need to pay attention to the other relevant electromagnetic parameter for the cloaking effect, ϵ z , which has the following expression according to Maxwell-Garnett theory [34] :
where ϵ a and ϵ b are the permittivity of the dielectric cuboids and background material, respectively, and f ¼ l x l y l z =a 3 is the volumetric filling ratio of the cuboids, which can also be expressed in the form of pq=r 3 . Therefore, ϵ z does have the same property as μ x;y -it only relies on the geometric ratio coefficients p, q, and r, rather than on the absolute dimensions of cuboids. On one hand, such a feature for all the relevant electromagnetic parameters fμ x ; μ y ; ϵ z g makes a dielectric cloak with predesignated dimensions scalable to operate at different frequencies. On the other hand, we show an important relationship between ϵ z and ϵ a from the expression aboveas long as the value of ϵ a is large enough, ϵ z remains nearly the same, independent of the change of ϵ a . This will be greatly beneficial in simplifying our workflow to realize a frequency-agile cloaking device as shown below.
Based on the above investigations, our proposed all-dielectric metamaterial cloak offers a strategy for changing operational frequencies of the device by directly scaling up or down the predesignated dimensions of Mie particles. However, such a prescription for a cloak is passive, and reconstruction of the device is required to work at expected frequencies. It is highly desirable to realize a frequency-agile cloak controlled with some external stimuli. We note that the effective electromagnetic parameters can be easily modified by changing the permittivity of the cuboid [35] , and it has been demonstrated that the permittivity of the dielectric cuboids can be tuned by changing the temperature [36] . Here, we would like to propose a chameleonlike all-dielectric cloak tuned via temperature. The underlying mechanism (Fig. 2) is essentially led by the intriguing electromagnetic properties of Mie particles. First of all, the intrinsic permittivity of SrTiO 3 cuboids is temperature dependent [see Fig. 2 (a) and Appendix B for details]. On one hand, for a designed cloak with the required electromagnetic parameters, ϵ z will stay aroundε z , provided that ϵ a stays large enough within the changing range of temperature. On the other hand, with respect to the required fμ x ;μ y g, we found the following property, which is crucial to our temperature-controlled alldielectric cloaking device. Assuming
where T 1 represents one temperature point, we have proved that when the temperature changes to T 2 , the resonance frequencies ω 0;x ðT 2 Þ and ω 0;y ðT 2 Þ are still proportional, i.e.,
Furthermore, this results in (also see Appendix B for detailed proof)
Therefore, for a fixed all-dielectric cloak design, we can achieve the chameleonlike cloaking effect with working frequencies controllable by temperature. Besides the simplicity in the construction of cloaking devices, Mie-cuboidbased metamaterials may provide an effective strategy in realizing frequency-agile cloaks.
IV. REALIZATION OF A CHAMELEONLIKE ALL-DIELECTRIC CLOAK
To verify the theory above, here we provide the proof-ofconcept simulation ( Fig. 3 ) and experimental ( Fig. 4) demonstrations for a temperature-controlled all-dielectric cloak. The SrTiO 3 cuboids with permittivity of 250 þ 5i at temperature 25°C were used to construct the rhombic cloak. Via meticulous design, the geometric ratios of the dielectric cuboids can be set as p ¼ 5=3, q ¼ 2=3, and r ¼ 2 (see Fig. S4 in Ref. [31] ). To make the cloak work at the microwave band, the dimensions of cuboids should be on the millimeter scale and are set as l x ¼ 2.5 mm, l y ¼ 1.0 mm, l z ¼ 1.5 mm, and a ¼ 3.0 mm, which can achieve the cloak-required anisotropic electromagnetic parameters. The constructed rhombic cloak with side length of 40.00 mm was composed of 432 dielectric cuboids in total. An aluminum quadrangular was placed at the center as the object to be cloaked, which has a quarter-wave separation to the inner boundaries of the device to approximate the inner edge of the perfect magnetic conductor (PMC) as required.
Figure 3(c) shows the simulated two-dimensional (2D) electric-field distribution without the cloak but only the aluminum quadrangular settled in the optical path. The TE-polarized plane wave impinges upon the device from the left side. As expected, the incident wave is scattered dramatically, resulting in a deep shadow in the forward direction and a strong standing wave to the left. In contrast, at the desired working frequency, the introduction of the cloak significantly decreases the scattering; as shown in Fig. 3 (e), the device guides the wave traveling around the inner object, and then the wave is restored in both amplitude and phase upon exiting the cloak on the right. Off the operating frequency, the device can no longer cloak the inner quadrangular. Instead, it behaves like a larger The temperature dependence of intrinsic permittivity and effective permittivity of the dielectric cuboids. At different temperatures T 1 and T 2 , the cloak works at different frequencies, and the corresponding characteristic curves are shown in (b) and (c), respectively. When the temperature is changed, the resonance frequencies ω 0;x and ω 0;y are kept proportional, which can be expressed as ω 0;x ¼ ρω 0;y . Meanwhile, the same property applies to the working frequency ω i ðμ i Þ and resonance frequencies ω 0;i in the i direction (i ¼ x, y); i.e., ω i ðμ i Þ ¼ρ i ω 0;i , in whichρ i is the proportionality constant. In other words, the working frequencies in the x and y directions are proportional. The same logic applies when the temperature is changed from T 1 to T 3 , so even though the permeabilities μ x and μ y both change with the temperature, they can still meet the required invisible parameters at another working frequency. object, which greatly prevents the transmission of the incident wave [ Fig. 3(d) ]. To quantify the cloaking effect of our constructed device, the scattering cross section (SCS) is introduced for analysis [ Fig. 3(b) ]. The SCS of the bare aluminum quadrangular is 162.99 mm 2 , and the application of the cloak decreases the SCS to 81.96 mm 2 , a reduction of 50% within the working frequency band; off the working frequencies, the SCS increases dramatically, and it coincides with our numerical demonstration of the field plot. We note that, as a proof-of-concept demonstration, this experiment was implemented to verify our proposed theory, and accordingly, a cloak design with relatively small dimensions was adopted to facilitate the measurements. In this way, the nonideal PMC boundary condition would have a significant impact on the cloaking effect. Nevertheless, the cloaking performance can be greatly improved by optimizing the inner approximate PMC boundary condition and enlarging the device dimensions (see Fig. S5 in Ref. [31] ).
To verify the frequency tunability of the cloak, electricfield distributions are measured at different temperatures and shown in Fig. 4 with the microwave incident from the top. Figure 4 (a) shows the experimental system. Figures 4(c)-4(f) show the measured E-field maps of the cloak at nonworking and working frequencies, respectively. Consistent with the simulations, at a nonworking frequency of 10.00 GHz, the incident wave is strongly scattered and reflected at a temperature of 25°C, as shown in Fig. 4(c) , with only a little electromagnetic energy detected at the exiting side of the cloak. In contrast, at the working frequencies of 11.50 GHz, the 2D E-field maps of the cloak are shown in Fig. 4(e) . The incident radiation is guided around the aluminum quadrangular and eventually restored in both amplitude and phase upon exiting the cloak. Then, what if we change the temperature? As shown in Figs. 4(d) and 4(f), when the temperature is changed to 15°C and 40°C, the working frequency changes to 11.18 GHz and 11.72 GHz, respectively. In all three cases of Figs. 4(d)-4(f), the overall cloaking performance is fairly satisfying. The finite energy loss and distortion of the phase fronts of the transmitted wave through the device, especially in the center of the cloak, may be attributed to the intrinsic loss of the dielectric materials and imperfect fabrication of the device. When the temperature increases from 15°C to 40°C, the working frequency shifts from 11.18 GHz to 11.72 GHz, correspondingly, covering a band of about 500 MHz. It should be noted that, in our proof-ofconcept experiments, the temperature was only changed within a small range limited by the experimental equipment, resulting in the tunable cloaking effect within a narrow band. If the temperature can be changed over a large range, about several hundred degrees, a designed cloaking device is expected to be operational within a fairly broad band. To further confirm the characteristics of temperature and operational frequency, the transmission of a single dielectric cuboid is measured at different temperatures [ Fig. 4(b) ]. The absorption peak of the cuboids in the x direction increases from 10.00 GHz to 10.65 GHz, while the temperature increases from 25°C to 65°C, an obvious indication of the temperature dependence of the cuboid permittivity, which is in agreement with the relationship of Eq. (B1) in Appendix B. Therefore, we successfully experimentally achieved satisfying cloaking performance of an all-dielectric unidirectional cloak with the tunable operational frequency by temperature.
V. DISCUSSION
The advantages of the demonstrated cloak are threefold: the universal design method, the simple construction, and most importantly, the frequency-agile invisibility. The proposed design theory dictates a universal and convenient theoretical design strategy: i.e., the dielectric cuboids rather than metallic unit structures can be used to realize the required anisotropic electromagnetic parameters of the cloak, and the different invisible frequency of the cloak can be easily adjusted simply by scaling the sizes of the dielectric cuboids. In this way, redesigning the overall structure of the cloak is not necessary. For example, when the size of the dielectric cuboid is scaled down 10 or 100 times, the invisible frequency proportionally blueshifts from 12.6 GHz to 126 GHz and then to 1.26 THz (Fig. 5) , which further confirms our theoretical predictions [Eq. (A16) in Appendix A]. Therefore, the invisible frequency band of the demonstrated dielectric cloak can be easily extended from microwave to THz frequencies as long as the high permittivity of the cuboid can be achieved at the working frequency. It is known that Ba 0.5 Sr 0.5 TiO 3 possesses a high permittivity of 200 around 1 THz [37] , which may serve as a good candidate towards the alldielectric cloak in the THz regime.
As the cloak is composed of easily constructed dielectric cuboids, the overall assembly of the cloak is achieved with facility. Instead of complicated fabrications of some previously reported cloaks with metallic elements [20] , only dielectric cuboids with uniform size are needed to achieve all the required anisotropic electromagnetic parameters for cloaking, so the overall construction of the device would be much easier. Furthermore, the suggested cuboids can also be used in designing two-dimensional cylindrical cloaks with complex anisotropic and inhomogeneous parameters by simply changing their side-length ratios.
As is well known, realizing tunable invisibility is an important but very challenging issue. Our demonstrations here explicitly show that our proposals provide significant progress for frequency-agile cloaking devices. When the permittivity of the cuboid changes from 120 to 400, the invisible frequency will change from 17.00 GHz to 9.00 GHz (see Fig. S6 in Ref. [31] ). In addition, the temperaturedependent permittivity is a convenient and efficient tunable method for cloaking. We also theoretically verified that such a temperature-tunable mechanism can be applied to the twodimensional all-dielectric cylindrical cloak suggested by Gaillot et al. [38] (see Appendix C for details).
It should be noted that in our experiments the distance between the metal object and the cloak remains fixed as the frequency is tuned, which may limit the tuning bandwidth, in practice. However, in our proof-of-concept experiments, we aim to demonstrate the proposed theory and only change the temperature in a small range, resulting in a shift of 0.54 GHz of the working frequency. Therefore, the fixed distance may have less impact on the cloaking effect in our experiments. In addition, we also propose an advanced solution for special cases in which drastic response tuning is required (see Appendix D for details).
As the coordinate transformation methods work similarly, our proposed all-dielectric unidirectional cloak can potentially work as a temperature-controlled carpet cloak as well, which can conceal an object on the ground plane. By keeping the upper part of the unidirectional cloak while removing the lower part and setting the inner boundary as a perfect electric conductor, the device can be readily transformed to a perfect carpet cloak (see Fig. S7 in Ref. [31] ). It should be noted that to avoid extremely high or low refractive indices, the volume of the reported carpet cloaks is generally much larger than the concealed object. In addition, to prevent the necessary index of less than 1, the reported cloaks are generally embedded in a dielectric prism, which would inevitably introduce an additional phase delay in the reflected light and eventually cause the optical cloak's undesirable visibility. Instead, our proposed carpet cloak, which is much smaller in size and easier in fabrication, provides a perfect solution for these above-mentioned issues, rendering the object invisible in the air without introducing unnecessary phase shifts.
VI. CONCLUSION
In summary, we have proposed a simple design theory for the unidirectional all-dielectric temperature-tunable transformation-optics-based cloak and experimentally demonstrated a prototype device. More importantly, we proposed a mechanism for designing all-dielectric cloaks with the operational frequency adjustable either by scaling the overall dimension of the building blocks or, more easily, by applying external stimuli, such as temperature. Our design strategy not only works for unidirectional cloaks, but it can also be readily applied to 2D cylindrical cloaks with more complicated gradient electromagnetic parameters. Furthermore, the invisibility in the terahertz regime may also be achievable with the proposed design theory. This work paves an easy way to design and construct tunable transformation-optics cloaks and draws an important step on the path towards the practical application of the invisible cloak. TEMPERATURE-CONTROLLED CHAMELEONLIKE CLOAK PHYS. REV. X 7, 011033 (2017)
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011033-7 APPENDIX A: ANISOTROPIC ELECTROMAGNETIC PARAMETERS
For an incident-plane electromagnetic wave, the first Mie magnetic-dipole resonance frequency along the k direction is [32] 
where c 0 is the speed of light in vacuum, ϵ a and μ a are the relative permittivity and permeability of the cuboids, l i and l j represent the dimensions of the rectangular cross section (i-j plane) perpendicular to the magnetic vector H ⇀ , l k is the cuboid size along H ⇀ , and δ (0 < δ < 1) denotes a fraction of a half-wavelength in the l k direction and is subject to the following constraint:
Thus, for a wave polarized along the z direction and magnetic vectors along the x or y directions, the first-order magnetic resonances are as follows:
where l x , l y , and l z are the side lengths of the cuboid. Thus, the relationship between ω 0;x and ω 0;y satisfies
where p and q are defined as the ratio coefficients, namely, p ¼ l x =l z and q ¼ l y =l z . Substituting Eq. (A1) into Eq. (A2), it is easy to conclude that as long as the ratios of the geometric dimensions p and q are fixed, δ k remains unchanged, regardless of the absolute value of the geometric dimensions, and this regularity also applies to the ratio of the resonance frequencies ρ from Eq. (A6). The effective relative permeability of the dielectric cuboid array satisfies the Lorentz dispersion model near the first-order Mie resonance frequency ω 0 :
where ω p and ω 0 are the magnetic plasma frequency and the magnetic resonance frequency, respectively, and γ is the quantity related to the dielectric loss of the cuboids. It is known that ω p is proportional to ω 0 , and the ratio satisfies [33] 
where F is the filling factor related to the geometric parameters of the cuboids. Define r as the ratio coefficient of the characteristic dimension of the cuboid's array a, and the side length l z , namely, r ¼ a=l z . Here, F can be expressed as
Generally, γ is a higher-order infinitesimal quantity compared to ω 0 , and when the restriction jω − ω 0 j ≫ γ is satisfied, we can get the following approximation by combining the equations above:
where μ 0 is the real part of μ. The working frequencies ω in the x and y directions can be expressed as
where μ x and μ y are the anisotropic permeabilities in the x and y directions, respectively, and F x and F y are the anisotropic filling factors. If there exists a frequency ω that makes the real part of the permeabilities μ x and μ y meet the theoretically desired valuesμ x andμ y of an ideal cloak, the cloak can work, i.e.,
Thus,ρ
In other words,
Therefore, once we concludeμ x andμ y from the theory for an ideal cloak and the calculated values are between the minimum and maximum values (μ min and μ max ), which are prescribed by the frequency characteristic curve of the dielectric cuboids, we can then always designate certain values of p, q, and r to validate Eq. (A15). Equation (A10), inferred that μ min and μ max are only determined by the filling factor F. In addition, Eq. (A16) shows that the equality depends on the geometric ratios p, q, and r rather than the geometric dimensions l x , l y , l z , and a. In other words, as long as p, q, and r are kept constant and the cloak can work at a certain frequency, the working frequency can then shift higher or lower by simply scaling down or up the dimensions of the cuboid.
APPENDIX B: MECHANISM OF THE TEMPERATURE-TUNABLE CLOAK
Generally, there are two types of strategies to change the working frequency of the proposed all-dielectric cloak, i.e., by varying the dimension of the device or by changing the permittivity of the cuboids [ Fig. 1(c) ]. For the dimensiontunable case, which is passive and unadjustable, the cloak must be reconstructed to make the effective parameters meet the requirements. Here, we consider the permittivitytunable method and verify it experimentally. We note that, although the effective electromagnetic parameters can be easily modified by changing the permittivity of the cuboid [35] , it is challenging to compensate for variations of the electromagnetic parameters in different directions while satisfying the required parameters at the new frequency.
It has been demonstrated that the permittivity of the dielectric cuboids can be tuned by changing the temperature, which implies that the dielectric cuboids can potentially be used to realize the anisotropic electromagnetic parameters of the proposed cloak. Ferroelectric materials are widely employed in tunable devices at the microwave regime because of their ideal characteristics of high permittivity, low loss, tunability, etc. For example, SrTiO 3 is a typical ferroelectric material, and the relation between its permittivity and temperature satisfies [36] 
where c ¼ 68000 K is the Curie constant, as shown in Fig. 2(a) . Thus, we rewrite Eq. (A14) as function of temperature T 1 as follows:
Accordingly, changing the temperature to T 2 will change the intrinsic permittivity and the frequency response curve of the dielectric cuboids (Fig. 2) . From Eq. (A5), it can be inferred that the resonance frequencies in the x and y directions are still proportional:
Meanwhile, the same property applies to the working frequency ω i ðμ i Þ and resonance frequency ω 0;i in the i direction (i ¼ x, y) according to Eqs. (A11) and (A12), i.e., ω x ðμ x ; T 2 Þ ¼ρ x ω 0;x ðT 2 Þ; ðB4Þ ω y ðμ y ; T 2 Þ ¼ρ y ω 0;y ðT 2 Þ: ðB5Þ
We then conclude the relationship between ω x ðμ x ; T 2 Þ and ω y ðμ y ; T 2 Þ by substituting Eqs. (A15) and (B3) into Eqs. (B4) and (B5); that is,
Therefore, after the temperature changes from T 1 to T 2 , another frequency appears at which the cuboids can realize the required permeabilityμ x andμ y in the two directions. In addition, the effective permittivity ϵ z remains mostly constant with changes in temperature as long as ϵ a > 100, as shown in the main text. Though there may be dielectric dispersion for the ferroelectrics of interest here in the THz region, it is still possible to eliminate the mismatch between the actual and the required anisotropy of the cuboids by a fine adjustment of the temperature. In other words, the cuboids cannot achieve the required two anisotropic permeabilities at the excepted temperature, but we can further adjust the temperature and change the permittivity to offset the impact of the dielectric relaxation. We emphasize that this flexibility in manipulation of electromagnetic anisotropy is the core contribution of our work. Consequently, the proposed all-dielectric cloak is a temperature-controlled chameleonlike cloak, where the working frequency is indeed tunable by external stimuli.
In addition, our theory shows that the tunability of the cloak only depends on the dielectric constant of the cuboid, and the demonstration was successful and convincing. Considering the fact that the dielectric constant of ceramics can be regulated by other external stimuli, such as the electric field [39] and the stress field [40] , etc., we expect that the temporal response of the proposed active cloak can be much better, though it is beyond the scope of this study.
APPENDIX C: TEMPERATURE-CONTROLLED TWO-DIMENSIONAL CYLINDER CLOAK
Temperature-controlled permittivity is a convenient tunable method for cloaking, and such temperature-tunable mechanisms can also be applied to the two-dimensional cylindrical cloak [38] . To achieve the continuous inhomogeneous electromagnetic parameters required by the cylindrical cloak, the cloak mediums are discretized into n layers, and each layer has a homogeneous medium. Define ω 0;ir and ω 0;iθ as the first-order magnetic resonance frequencies of the cuboids in layer i for the wave polarized along the z direction and the magnetic vector along the r or θ direction:
The effective relative permeability of the dielectric cuboids array in layer i satisfies the Lorentz dispersion model near the first-order Mie resonance
where ω p;i and ω 0;i are the corresponding magnetic plasma frequency and magnetic resonance frequency, and γ i is the quantity related to the dielectric loss of cuboids in layer i. Define ω p;ir and ω p;iθ as the magnetic plasma frequency of the cuboids in layer i for the wave with magnetic vector along the r or θ direction; the relationship between the magnetic plasma frequency and the magnetic resonance frequency satisfies
where F ir and F iθ are the corresponding filling factors in layer i. Using the approximation in the main text, the working frequencies ω ir and ω iθ in two directions r and θ in layer i can be expressed as
If there exists a frequency ω to make the real part of the permeabilities μ ir and μ iθ meet the requirement of an ideal cylinder cloakμ ir andμ iθ , then the cloak can work, i.e.,
Considering Eqs. (C3), (C4), (C13), and (C14), Eq. (C16) can be written as
It is known that the dielectric cuboids can be used to realize the anisotropic electromagnetic parameters of the cylinder cloak as theoretically verified above; thus, Eq. (C16) at the temperature T 1 can be rewritten as
Changing the temperature to T 2 , the intrinsic permittivity and frequency response curve of the dielectric cuboids will change as well. From Eqs. (C3) and (C4), the resonance frequencies in the r and θ directions in each layer are still proportional:
Meanwhile, the same property applies to the working frequencies and resonance frequencies in each layer according to Eqs. (C13) and (C14), i.e., ω ir ðμ ir ; T 2 Þ ¼ρ ir ω 0;ir ðT 2 Þ; ðC21Þ
We then conclude the relationship by substituting Eqs. (C17), (C19), and (C20) into Eqs. (C21) and (C22), that is,
Therefore, for a temperature change from T 1 to T 2 , there exists another frequency at which the cuboids can realize the required permeabilityμ ir andμ iθ for every layer i. Additionally, the effective permittivity ϵ iz nearly remains constant with the changes of the temperature. Therefore, such a temperature-tunable mechanism can also be applied to the two-dimensional all-dielectric cylindrical cloak, making it frequency tunable.
APPENDIX D: TEMPERATURE-CONTROLLED PERFECT MAGNETIC CONDUCTOR
It should be noted that, for the proposed unidirectional cloak, the distance between the metal object and the cloak remains fixed as the frequency is tuned, which may limit the tuning bandwidth, in practice. Here, based on the fact that materials with high permeability reproduce a good equivalent to PMC, we propose an advanced solution to this problem by exploring dielectric-cuboids-enabled approximate-PMC boundary conditions. Simulations verified that the relative SCS of a cloak system with an approximate PMC inner boundary enabled by high-permeability (about 40) material can be as low as 8%. Consequently, dielectric cuboids that undergo high effective permeability near the resonance should be able to provide PMC boundary conditions. In particular, this can be achieved by inserting a layer of well-tailored dielectric cubes whose resonance overlaps with the cloak's working frequency at the inner cloak boundary. A close examination reveals that this method provides multiple benefits. Such an approximating PMC boundary condition can always be satisfied with a changed temperature, and the resonant frequency stays the same as the cloak working frequency all the time. The theoretical derivation is as follows. Similar to the derivations in the Appendix A, we can get the relationship between the magnetic resonance of the cloak cuboids and the approximating PMC cubes as ω 0;i ¼ ρ i;PMC ω 0;PMC ; ðD1Þ where ω 0;i is the magnetic resonant frequency in the i directions (i ¼ x, y) of the cloak cuboids, ω 0;PMC is the magnetic resonant frequency of the approximating PMC cubes, and ρ i;PMC is the proportionality constant related to the geometric parameters of the cuboids and the cubes. In addition, we have concluded that
where ω i ðμ i Þ is the working frequency,μ i is the theoretically calculated permeability of the cloak from transformation optics theory, and ρ i is a proportionality constant related to the permeabilityμ i and the geometric parameters of the cuboids. Design the size of the cubes so that the resonant frequency equals the cloak working frequency, e.g.,
Substituting Eqs. (D1) and (D2) into Eq. (D3), we obtain ρ i ρ i;PMC ¼ 1.
Assuming the temperature is T 1 , we rewrite Eq. (D3) as a function of temperature T 1 as follows:
Accordingly, changing the temperature to T 2 will change the intrinsic permittivity and the frequency response curve of the dielectric cuboids. From Eq. (D1), it can be inferred that the resonant frequencies ω 0;i and ω 0;PMC are still proportional: ω 0;i ðT 2 Þ ¼ ρ i;PMC ω 0;PMC ðT 2 Þ: ðD6Þ
Meanwhile, the same property applies to the working frequency ω i ðμ i Þ and resonance frequency ω 0;i according to Eq. (D2), i.e., 
Therefore, we have proved that after the temperature changes from T 1 to T 2 , the cloak and the approximating PMC can both work at another frequency. The approximate PMC based on dielectric cubes can perfectly solve the problem, and further research should be carried out in the future.
